Abstract: Humic acids (HAs) are redox-active components that play a crucial role in catalyzing relevant redox reactions in various ecosystems. However, it is unclear what role the different compost-derived Has play in the dissimilatory Fe(III) bioreduction and which chemical structures could accelerate Fe reduction. In this study, we compared the effect of eighteen HAs from the mesophilic phase, thermophilic phase and mature phase of protein-, lignocellulose-and lignin-rich composting on catalyzing the bioreduction of Fe(III)-citrate by Shewanella oneidensis MR-1 in temporarily anoxic laboratory systems. The chemical composition and structure of different compost-derived HAs were analyzed by UV-Vis spectroscopy, excitation-emission matrices of the fluorescence spectra, and 13 C-NMR. The results showed that HAs from lignocellulose-and lignin-rich composting, especially in the thermophilic phase, promoted the bioreduction of Fe(III). They also showed that HA from protein-rich materials suppressed significantly the Fe(II) production, which was mainly affected by the amount and structures of functional groups (e.g., quinone groups) and humification degree of the HAs. This study can aid in searching sustainable HA-rich composts for wide-ranging applications to catalyze redox-mediated reactions of pollutants in soils.
Introduction
Humic acid (HA) is one of the most important components of humic substances as it plays a crucial role in regulating carbon cycles and catalyzing relevant redox reactions in various ecosystems [1, 2] . Under anoxic conditions, both dissolved and particulate HA may accept electrons from anaerobic microbial respiration. Reduced HA can also serve as an electron donor and transfer electrons to poorly soluble Fe(III), mediating dissimilatory Fe(III) reduction and affecting their transformation and speciation [3] . It is widely accepted that quinone moieties, as well as other redox-active functional groups in the HA, have an important role in electron shuttling process, thereby affecting microbial electron transfer onto Fe(III) [4] . Therefore, this process has received a great deal of attention owing to the broad impact of dissimilatory iron reduction on the geochemical cycles.
Composting is a controlled biological transformation process to stabilize different organic solid wastes, which is generally divided into mesophilic phase, thermophilic phase, and mature phase [5] . . Lines showed nonlinear least-squares regression fits of data to an equation describing product accumulation from a first-order reaction. Bars on symbols represent standard deviations of three replicates. CK1 was blank control, CK2 was the control without HA addition and the treatments with HA addition are described in Materials and Methods. . Lines showed nonlinear least-squares regression fits of data to an equation describing product accumulation from a first-order reaction. Bars on symbols represent standard deviations of three replicates. CK1 was blank control, CK2 was the control without HA addition and the treatments with HA addition are described in Materials and Methods.
Here, CK1 was blank control and CK2 was the control without HA addition. In the presence of HA from WW2, the reduction extents were generally 55.6% higher than those observed in CK2, which showed the best stimulation capacity among the eighteen tested HAs. The addition of HA species from WW, CW and GW composting resulted in obvious increases of the Fe(II) production (1.2−1.5 times higher than that of control system without HA), especially in WW1-3, CW2-3 and GW2. However, when HA from CM, DM, and SW composting were added, the Fe(II) production of systems were generally lower than those obtained in CK2, especially in CM1-3, DM1, DM3 and SW1, which might have an inhibition effect on the bioreduction of dissimilatory Fe(III). In the composting of protein-rich materials, HA is easier to be formed due to more degradation of easily degradable organics but it may be unstable, which could be served as nutrient for promoting microbial growth [11, 12] . For the bioreduction in DM2, more Fe(II) production by HA addition was also observed than those in DM1 and DM3, although the stimulating effects were less significant compared to CK2, suggesting that thermophilic phase of DM composting may benefit the formation of redox functional groups of HA [13] . Though no significant difference could be found with Fe(II) production in systems with the addition of HA from different stages, the formation quantity of Fe(II) with HA obtained from the thermophilic or mature stage were generally higher than that from mesophilic stage for all the composting except CM, demonstrating that the capacity of HA as electron shuttles was enhanced after composting [1, 14] . In this study, the bioreduction of Fe(III)-citrate were fitted to first-order kinetic equation by the non-linear least-square curve fitting technique (P < 0.05) ( Table 1) . Results showed that the k red of initial Fe(II) production rates of systems with HA from thermophilic stage of lignocellulose-rich composting higher than that in CK2. The HA from mesophilic and mature stages of lignin-rich composting still demonstrated higher k red and better stimulation capacity than only adding S. oneidensis MR-1 at initial Fe(II) production stage (48 h), whereas the total Fe(II) production of HA from mesophilic stages of SW composting was very limited. Overall, there is an obvious stimulation capacity of HA from lignocellulose-rich composting (WW and CW), and HA from protein-rich composting (CM and DM) mainly suppressed the electron transfer between the Shewanella oneidensis MR-1 and Fe(III). 
Structural Characteristics of Different HAs
In order to investigate the composition and chemical structures of HA from different composting, the HAs at different stages of composting were characterized firstly by the indexes of UV-Vis spectroscopy were positively related to the abundance of aromatic C and aromatic rings of polar functional groups of the compost-derived HA, while E 4 /E 6 and S R were negatively correlated with humification degree and molecular weight of humic substances [15, 16] . As shown in Figure 3 , the values of SUVA 254 , SUVA 290 and A 240-440 of HA in different composts were generally all increased from mesophilic stage to mature stage, while E 4 /E 6 and S R were decreased, which suggested the increase of the polymerization of HA structure and the accumulation of the substituent group type on aromatic rings and the electron transfer band. The increase of SUVA 254 in WW, CW, GW and SW (above 20%) were higher than those in CM and DM, indicating a higher humification degree of HA [17, 18] . Notably, the highest values of SUVA 290 was found in the thermophilic phase for lignocellulose-and lignin-rich composting, suggesting that most of the lower organic matter such as quinones and more complex compound have incorporated in the aromatic structure at the later stage of composting [16, 19] . The changes of SUVA 290 was in agreement with the trends of Fe(II) production, thereby corroborating that the changes in quinone moieties were directly associated with redox properties of HA in composts. 
In order to investigate the composition and chemical structures of HA from different Parallel factor (PARAFAC) analysis showed that four components were identified to explain most of the HA variation from different composting (Figure 3 ). Component 1 (C1) and component 3 (C3) was characterized as fulvic-like and humic-like substances, respectively. Component 2 (C2) was attributed to tyrosine-like substances and component 4 (C4) was associated with soluble microbial byproduct-like material with a few tryptophan-like substances [20] . There were obvious differences in Fmax among components of HA from different composts (P < 0.05), which decreased as follows: C2 (32.22%), C3 (31.72%) > C1 (27.94%) > C4 (8.78%). However, each fluorescence components of HA presented different content in different composts due to their different organic compositions and humic substance precursors [6, 21] . There was no significant increase of fulvic-like and humic-like substances in CM and DM. An obvious increase in the combination of C1 and C3 was identified in HA from WW, CW, GW and SW. This indicated the synthesis of HA that are chemically and biologically more stable in lignin-and lignocellulose-rich composting.
In order to better understand the difference of these chemical structures of HA from diverse composting, 13 C-NMR was monitored, which indicated the presence of many types of carbons, including aliphatic, carbohydrate, aromatic, and carboxyl carbons, with a wide variation in the relative abundance of aliphatic vs. aromatic carbons in HA. As depicted in Figure 4 , the peak intensity of alkyl C region were obviously decreased from mesophilic stage to mature stage in protein-rich composting, followed by lignocellulose-rich composting. The peak intensity of aryl C region were increased in all the composts. In the mature phase of different composts, there was a significant increase in peak intensity at 148 and 153 ppm, which represent methoxy-/hydroxy-substituted phenyl C and oxygen-substituted aromatic C, respectively [22] . 13 C-NMR of CM, DM, and CW exhibited common major peaks at 50−110 ppm, suggesting abundant precursors of hydroxyl and amino acids for the formation of redox-active functional groups of HA [23] . HA from WW, SW and GW exhibited peaks between 170−185 ppm, confirming the presence of carbonyl groups from ester, carboxylic acids, quinone, ketone, etc. An increase of carbonyl groups could be found during composting of CM and DM, suggesting that lignin-and lignocellulose-rich organics were easier for arylation during composting and protein-rich organics were easier for carboxylation to form different HA [9] . The trends of 13 C-NMR, UV-Vis spectroscopy and EEM fluorescence plots explained the structural changes of HA during composting and obvious differences of HAs from different materials. These results suggested that HA from lignocellulose-and lignin-rich composting, especially in the thermophilic phase had more polar functional groups with redox activity such as phenolic, alcoholic, quinone and ketone groups, nitrogen and sulfur redox-active moieties, as well as organic-metal chelates.
The Potential Role of HA in Dissimilatory Fe(III) Bioreduction
The data in Figure 5 gives an indication of the interdependence of two random variables that range in value from −1 to +1. SUVA 254 was positively correlated with A 240-440 (P < 0.01). 13 C-NMR3 was positively correlated with 13 C-NMR2 but they were both negatively related to 13 C-NMR1, 13 C-NMR4, C2 and E 4 /E 6 , suggesting that the formation of aryl C and hydroxyl C fractions was directly sourced from degradation of tyrosine-like substances and alkyl C for the condensation of C skeletons in different composts. Correlation analysis showed that SUVA 290 was positively correlated with C1, but negatively with S R . This result supported that quinones might act as main fractions of the fulvic-like substances with high molecular weight structure [24] . A strong positive correlation between 13 C-NMR4 and C2, C4 as well as E 4 /E 6 was observed, indicating that carboxyl and protein-like matter could be used by the microorganisms and obviously promote the formation of HA with a high degree of humification [25] . different composts. Correlation analysis showed that SUVA290 was positively correlated with C1, but negatively with SR. This result supported that quinones might act as main fractions of the fulvic-like substances with high molecular weight structure [24] . A strong positive correlation between 13 C-NMR4 and C2, C4 as well as E4/E6 was observed, indicating that carboxyl and protein-like matter could be used by the microorganisms and obviously promote the formation of HA with a high degree of humification [25] . In order to determine to what extent different chemical structures of HA from different composts affected the dissimilatory Fe(III) bioreduction, RDA was performed based on the spectral dataset and Fe(II) production indexes of different HA treatments. Figure 6 indicated an ordination graph where the first and all canonical axes were highly significant based on Monte Carlo tests (P < 0.01). The HA samples of different composting could be divided into three groups. The humification degree and electron transfer capacity of HA were different at each stage of diverse composting. The HA from mesophilic phase of composting were similar in most of the materials that clustered together, which had more aliphatic compounds and protein-like matter with an inhibition effect on the bioreduction of dissimilatory Fe(III). The HA from different lignocellulose-rich composts and the thermophilic phase of lignin-rich composts mainly clustered together except SW2, which had higher projection value on the arrow of Fe(II) formation, and SUVA 290 . The findings highlighted the role of HA from thermophilic phase of lignocellulose-and lignin-rich composting on stimulating the bioreduction of Fe(III) mainly based on the quinone moieties as well as other redox-active functional groups [3] . HA from the mature stage of composting, especially protein-rich materials, were grouped together but had shorter projection value on the Fe(II) formation. The shorter distance of these HA from the mature stage of composting to C3, 13 C-NMR3, 13 C-NMR2, and SUVA 254 suggested that the high abundance of aromatic C structure with hydroxyl in humic-like substances would not obviously affect the electron transfer process of Fe(III) reduction by Shewanella oneidensis MR-1.
Taking the aforementioned information into account, our results suggested that the HA from lignocellulose-and lignin-rich composting, especially in the thermophilic phase promoted obviously the bioreduction of Fe(III), and HA from protein-rich materials suppressed significantly the Fe(II) production. Aromaticity of HA is not a reason for the electron transfer, while quinone/hydroquinone groups in HA are the major contributors to redox reaction between Fe(III), HA and microorganisms. The HA from diverse composts has different redox-active potential for Fe reduction, mainly because the origin and stages of composting affects the humification degree and chemical structures of HA, leading to different amount, structures and the redox activity of functional groups such as phenolic, alcoholic, quinone and ketone groups, nitrogen and sulfur redox-active moieties, as well as organic-metal chelates [8] .
Fe(III) is an important terminal electron shuttles to stimulate the biodegradation of organic contaminants [26] . Dissimilatory iron reduction often occurs in soils, which caused the release of inorganic compounds that are bound to Fe(III) oxides and the soluble Fe(II) to be leached from the soil [27] . Considering the different stimulation capacity of HA from diverse composting, it can be reasonably concluded that the HA of composts will play an important role on heavy metal transformation and organic pollutant degradation in the contaminated soils. When composts are applied to soils, composts can be used in different ways based on the chemical structures and electron transfer capacity 
Materials and Methods

Preparation of Shewanella oneidensis MR-1
Shewanella oneidensis MR-1 was grown aerobically from frozen (−80 • C) stock to lag-log phase in a Luria-Bertani (LB) broth at 30 • C. The cells were harvested by centrifugation at 3600 g for 10 min at 4 • C when it reached the exponential phase, washed twice with sterile 30 mM of anoxic bicarbonate buffer (pH = 7) and suspended before use in the following reduction studies. The concentrations of the strains were 1 × 10 7 CFU mL −1 . All growth media and containers used in this study were autoclaved (121 • C, 20 min) prior to incubation.
Extraction and analysis of HA from Different Composting
Humic acid (HA) samples were extracted from three main stages (i.e., mesophilic phase, thermophilic phase and mature phase) of different composting of six raw materials, including chicken manure (CM), dairy manure (DM), cabbage wastes (CW), weeds wastes (WW), straw wastes (SW) and green wastes (GW). Details of composting process and relevant properties have been described previously in Zhao et al. [17] . Each compost pile was more than 2 ton, and the piles were turned mechanically every 7 days at Shanghai Songjiang Composting plant, China. The extraction of HA followed the procedure of Wu et al. [9] . Compost samples (10 g) were mixed with 0.1 M (NaOH + Na 4 P 2 O 7 ) at 1:10 (w: v) ratio for shaking 24 h with rotational speed 150 rpm. After centrifugation at 10,000 rpm for 15 min, the supernatant was filtered through a 0.45 µm membrane and then acidified to pH 1 with 6 M hydrochloric acid (HCl). HA was separated by centrifugation at 11,000 rpm for 15 min and suspended in a solution of 0.1 M HCl/0.3 M hydrogen fluoride to remove mineral impurities and dialyzed until the elimination of chloride ions. All chemicals were analytical reagent grade or higher and were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
UV-Vis spectroscopy, fluorescence spectroscopy, and 13 C-NMR spectra were carried out to analyze the chemical structures of HA. Prior to fluorescence and UV-Vis analysis, total organic carbon (TOC) of all the samples was measured with an Analytik Jena model Multi N/C 2100 TOC analyzer (Jena, Germany) and the concentrations of HA were adjusted to 10 mg L −1 .
UV-Vis spectroscopy was performed with a Shimadzu model UV-1700 PC spectrophotometer. Specific ultraviolet absorbance at 254 nm (SUVA 254 ) and 290 nm (SUVA 290 ) was calculated as the absorbance divided by the TOC concentration, and the absorbance ratio at 465 and 665 nm (E 4 /E 6 ) was used to characterize the humification degree of HA. The integral area was calculated from 240 to 400 nm, designated as A 240-400 , which was referred to the presence of the aromatic rings of polar functional groups [28] . The slope ratio or S R , the ratio of the slope of the shorter ultraviolet absorbance wavelength region (275-295 nm) to that of the longer wavelength region (350-400 nm), was selected to determine the molecular weight [15] .
Fluorescence spectroscopy was recorded using a Perkin-Elmer model LS50B fluorescence spectrophotometer in a clear quartz cuvette. Excitation-emission matrices (EEMs) spectra were recorded for excitation (200-450 nm) and emission (280-550 nm) wavelengths at intervals of 5 nm with a scan speed of 2400 nm min −1 . The EEMs were blank subtracted, corrected for inner-filter effects and instrument-specific biases, and normalized to the Raman area [29] . Parallel factor (PARAFAC) analysis of the EEMs spectral data was carried out in MATLAB 2013a (Mathworks, Natick, MA) with the DOMFluor toolbox (www.models.life.ku.dk) to identify the co-varied independently components. The concentration scores of the PARAFAC components were expressed as maximum fluorescence intensity (Fmax) (R.U.) for each modeled component [30] .
Solid state 13 C-NMR data of HA were acquired with a Bruker AV-300 spectrometer equipped with a direct polarization magic angle spinning (DP-MAS) probe, which were performed according to the method of Amir et al. [31] . The solutions for NMR were prepared by dissolving 100 mg of the freeze-dried HA in 1 mL of 0.5 M NaOD/D 2 O. On the basis of qualitative analysis, the 13 C-NMR spectra are subdivided into four main resonance regions (i.e., 13 C-NMR1, 13 C-NMR2, 13 C-NMR3, and 13 C-NMR4), which were 0-55 ppm (aliphatic carbon), 55-110 ppm (aliphatic carbon substituted with O or N), 110-165 ppm (aromatic carbon), and 165-200 ppm (carboxylic carbon) [32] . The proportion of each type of carbon was calculated by integrating the spectral regions.
Batch Experiments of Dissimilatory Fe(III) Reduction
Dissimilatory Fe(III) reduction assays were set up in triplicate in serum bottles containing 50 mL of basal medium with sodium lactate (5 mM) as an electron donor, 20 mM Fe(III)-citrate as an electron acceptor, Shewanella oneidensis MR-1 cells (10 7 cells mL −1 ), and HA (final concentration of 100 mg L −1 ). Only sodium lactate and Fe(III)-citrate were added as a blank control (CK1). Controls (CK2) were prepared without HA addition. Various treatments were applied as shown in Table 2 . The pH values were adjusted to 7.0-7.5 with trace metal grade 1.0 M NaOH or HCl. The reaction solution purged with 100% N 2 for 30 min and static incubation in anoxic glovebox (N 2 atmosphere, at 30 • C, O 2 < 0.1 ppm). Samples were periodically extracted with 1 M HCl at 1:1 (v: v) ratio, then removed with sterile needles and syringes, and filtered through a 0.22 µm membrane filter to analyze the total Fe(II) concentration with phenanthroline assay in an anaerobic chamber until Fe(II) became stable [33] . Absorbance was measured immediately with an ultraviolet-visible spectrophotometer (Shimadzu UV-1800, Tokyo, Japan) at 510 nm. 
Statistical Analyses
Conclusions
This study provided comprehensive information on the chemical structures of HA from different stages of composting derived from protein-, lignocellulose-and lignin-rich materials. Quinone/hydroquinone groups in HA are the major contributors to redox reaction between Fe(III), HA, and microorganisms, but HA from diverse origins and stages of composting has different humification degree and different amount, structures, and the redox activity of functional groups, leading to different redox-active potential for catalyzing the bioreduction of Fe(III)-citrate by Shewanella oneidensis MR-1. The HA from lignocellulose-and lignin-rich composting, especially in the thermophilic phase promoted obviously the bioreduction of Fe(III), and HA from protein-rich materials suppressed significantly the Fe(II) production.
